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INTRODUCTION 
Knowledge of yield-loss relationships between a crop and its 
insect pests is an important aspect of any insect pest-management 
program» These relationships are used to establish economic-injury 
levels (EIL), those population levels where economic damage will 
occur. Attempts have been made to determine such relationships 
with natural insect populations, but problems exist vAien an insect 
is not a perennial problem, and population numbers do not become 
sufficient to cause economic damage each year. Researchers have 
tried to circumvent this problem by artificially infesting plants 
by caging insects on them. This often proves ineffective in pro­
ducing true yield relationships because of certain extraneous fac­
tors (e.g., influences of cages on the physical environment and 
growth of the plant). Workers also have attempted to create dif­
ferent size populations by varying rates or kinds of insecticides. 
This approach has produced questionable results because of modifica­
tion of insect feeding, moribund individuals, and potentiad physio­
logical changes in the plants. Therefore, none of these approaches 
caoi be considered adequate by themselves. 
An alternative method of establishing yield-loss relationships 
for insects has been to use data from hail-simulation studies. This 
method was used by Stone and Pedigo (1972), who established the 
relationships using data from Kalton ^  ad. (1949). Stone and 
Pedigo then calculated EILs for the green cloverworm in central 
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Iowa with these relationships. Other researchers have conducted 
their own damage-simulation studies, rather than using data from 
other sources. The techniques used to simulate insect feeding 
most often were similar to those methods used in hail simulations, 
viz., excising leaves or leaflets from the plants. The validity of 
excising leaflets to simulate insect feeding has been questioned. 
Poston and Pedigo (1976) reasoned that an insect tatters leaves, 
rarely excising them from the plant. Therefore, they conducted an 
insect-damage simulation study in which leaves were punched with 
hole punches to simulate insect feeding. 
With the initiation of this new feeding-simulation method, 
there has been a debate as to the method which most accurately 
simulates actual insect feeding. Poston ^  (1976) conducted a 
study to define differential effects of artificial and natural 
(insect) defoliation on soybean net photosynthesis. They concluded 
(based on different photosynthetic rates) that punching leaves and 
cutting along-the-midrib bisections adequately simulated insect 
feeding, but across-the-midrib bisections did not. 
Considering these points, new simulation studies were initia­
ted in central Iowa to determine yield-loss relationships for the 
painted lady (Cynthia cardui (L.)) and the green cloverworm (Plathy-
pena scabra (F.)). However, before these simulations could be con­
ducted, leaf consumption models, relating leaf feeding aind develop­
ment quantitatively, had to be developed, (The amounts of simulated 
feeding that were inflicted were determined with these leaf 
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consumption models.) A leaf consumption model had been developed 
for the painted lady (Poston ^  ad. 1978), but had not been devel­
oped for the green cloverworm. Further validation was also neces­
sary to determine which defoliation method, viz„, punching or pick­
ing leaves, simulated insect feeding most accurately. Work by 
Clark and Levitt (1956) suggested possible differences between 
defoliation methods in regards to water loss from leaves, aind 
Davidson (1973), working with cotton, suggested possible differen­
tial effects on yield between methods. Therefore, studies (re­
ported in this dissertation) were conducted with the following 
objectives in mind: (1) establish a leaf-consumption model for 
the green cloverworm (Part I), (2) define differential effects, 
if any, of artificial and natural (insect) defoliation on water 
loss from excised soybean leaves (Part II), (3) define differen­
tial effects, if any, of simulated insect-damage methods on soybean 
yields (Part III), (4) determine accurate yield-loss relationships 
for the painted lady aaid the green cloverworm on soybeans in 
central Iowa (Part III), and (5) establish new EILs for these 2 
insect species based on these relationships (Part III). 
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REVIEW OF LITERATURE 
Damage simulation studies have been conducted on numerous 
crops during the past 50 years to determine yield-loss relation­
ships from various types of damages. Most of the early work was 
done simulating hail damage, which received much support from the 
hail insurance adjusters. Later, researchers started to simulate 
insect feeding, borrowing techniques from the hail simulations. 
Work has been conducted on soybeans simulating damage from 
hail, insects, leaf diseases, and grazing. As with other crops, 
early work was with hail damage, although the emphasis was switched 
to insect damage. This review will examine each type of simulation 
separately, and discuss differences and similarities between those 
simulations, and the differences within each simulation type. An 
Appendix presents, for comparison, selected data from most of the 
damage-simulation studies that will be discussed. 
Hail-damage simulation 
Hail-damage simulations have been conducted since the late 
1930s to determine yield-loss relationships eind the ability of 
soybeans to recover following injury from hail. Information had 
been in demand from hail-insurance adjusters, who, up to this time, 
were still dependent on trial-and-error methods to arrive at loss 
estimates. The 1st experimentation into hail-damage simulation 
was by Dungan (1939) in Illinois. Dungan simulated hail damage 
during pod formation, plant growth-stages R3 and R4 (Fehr et aJL. 
5 
1971), and pod fill, plant growth-stages R5 and R6, by removing 
various portions of the plant, viz., the top of the stem including 
the top 3 leaves, the upper 3 leaves, the upper half of leaves, and 
the lower half of leaves. He concluded that leaves on the lower 
half of the plant were more valuable in producing seed than leaves 
in the top half and that the ability of the plant to recover when 
all the leaves and stem are cut off is limited. Dungan did not 
delineate if the various soybean plant growth-stages may be af­
fected differently from defoliation. 
Later, Dungan (1942) reported on the work by R. D. Baker, who 
had studied the effects of simulated hail damage on soybeans at 
different growth-stages, viz», V2, V4, R2, and R5, grown in the 
greenhouse. Defoliation methods were described as removing a com­
bination of leaves and portions of stems. Baker found that remov­
ing upper leaves and stems, as plants matured, caused only a slight 
reduction in yield, but at a later stage, severe reductions occurred. 
This report was the first to demonstrate how damage at various growth 
stages can cause different amounts of yield reductions. It was 
also the initial statement that damage at the pod-fill stage, R5, 
had the most severe effect on yield. 
Fuelleman (1944), also at Illinois, reported on work that 
was in agreement with that of Baker's. In preliminary trials, he 
studied simulated hail damage on different varieties, although no 
conclusions were made of any differential effects of defoliation 
on them. However, trends were evident of sharply decreased yields 
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when damage followed the flowering period (R2), and very drastic 
yield reductions vdien damage occurred during pod and seed formation 
(R3, R5). Fuelleman then reported a study on field soybeans with 
only 1 variety, where defoliation was inflicted by hand removal of 
a certain percentage, viz., 30, 50, and 75%, of leaf areas from 
the plants. He found that yield was reduced with an increase in 
defoliation, and stated that light damage during early growth 
stages did not depress yield, although heavy damage did. Severe 
reductions in yields resulted from all rates of defoliation during 
the pod-fill stage (R5). Fuelleman also gave reasons why green­
house plants (such as those used by Baker) are not entirely satis­
factory for hail-damage experimentation. 
During the next 5 years, all reports of hail-damage simula­
tions came from Iowa. A series of popular articles appeared, re­
porting on ongoing work by researchers at Iowa State College, Ames, 
Iowa. Kail ton and El dredge (1946) reported in the Soybean Digest 
on results from studies conducted in 1943 and 1944. A 1945 prog­
ress report of their work appeared in the Soybean Digest later 
that year (Anonymous 1946). One yeair later, Kalton and El dredge 
(1947) wrote an article for the Iowa Farm Science and discussed 
the hows and whys of hail damage, and described their studies for 
the past 3 years. Calhoun (1947) highlighted the 4 year study of 
Kalton and Eldredge in an article in the Soybean Digest, and re­
ported the primary conclusions of their work. 
This series of popular articles on the work of Kalton amd 
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Eldredge culminated with a research-oriented paper in 1949 (Kalton 
et al. 1949), which summarized the findings and conclusions obtained 
from their studies. Their study included 4 phases: (1) simulated 
hail tests (4 years), (2) defoliation tests (2 years), (3) stand 
reduction tests (2 years), and (4) a shatter test (1 yeair). Each 
phase will be discussed separately, and in detail, as to experi­
mental methods and findings. 
In the hail-simulation tests, an attempt was made to simulate 
hail as closely as possible. In the 1st year of this phase, 2 
methods were used to simulate damage: (1) various portions of 
leaves and stems were clipped with a sheeucs and (2) an instrument 
made by mounting sever ail heavy wire hooks on a paddle was used to 
remove leaves eind stems by an upward motion. Early results indi­
cated that the 2 methods produced similar results, ajid therefore, 
only the paddle method was used the remaining 3 yeaors. Damage 
levels attained during the hail simulations were described as 
none (check), light, medium, and heavy. Descriptions of each 
damage level are given in Table 1. In 1943, stages V2, V6, R2, 
R5, and R7 were damaged , and in the remaining years, damage was 
inflicted on each stage from V2 to R8. From these hail simulations, 
Keilton ^  ad. concluded that yields were reduced most vAien damage 
occurred at the time of seed development (R5). At that soybean 
stage, decreases in yields averaged 27, 50, and 77% from light, 
medium, and heavy damage, respectively. Yields were reduced 
least when plants were in the vegetative stages. In their report. 
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Table 1. Damage levels attained in hail-simulation studies of 
Kalton (1949) 
^ % leaves % terminal % pods % plants 
removed^ buds removed^ removed^ broken^ ® . H bruising" 
Light 25-30 
Medium 55-60 
Heavy 80-90 
2-5 1-3 
10-15 3-7 
50-60 8-12 
1-2 minor 
4-7 1 blow 
10-15 2 blows 
^During all stages of plant growth, 
^Up until stage R4. 
"^From stage R4 to RB. 
*^From stage R1 to R8, 
they also discussed the effects of damage on maturity, plaint height, 
and chemical makeup of the seed. 
Reasoning that features of hailstorms included breaking or 
cutting off the plant and defoliation, Kalton ^  a^. conducted 
separate studies to define the effects of stand reduction and leaf 
removal on soybeam yield. Stand reduction tests were done by re­
ducing plant stands by 25, 50, and 75% at 2 different plant heights 
(1 at ground level, the other half way up the plaint) by cutting the 
plant off with a grass clippers. These reductions were conducted at 
growth stages V2, V6, R2, R5, and R7. As plants developed, reduc­
tions in yields became progressively greater. Yields were decreased 
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most when stands were reduced at stage R6. Removal of 25, 50, and 
75% of the plants reduced yields by l6, 43, and 75%, respectively, 
at that stage. Before flowering (R2), yields were reduced equally 
when plants were cut at half height or ground levels at a removsil 
of 25 and 50%. After flowering, cutting plants at ground level 
caused greater reductions thsm did half-plant cutoffs at those 
levels. At plant removad of 75%, ground cutting was more severe 
than that of heilf height at all stages. Differences in other yield 
parameters were also discussed in regards to plant stand. 
The defoliation phase of their study was conducted by removing 
10, 25, 50, 75, and 100% of the leaves at growth stage V2, V6, R2, 
R5, and R7. Leaves were removed from each plant at a point just 
below the attachment of the leaf to the petiole. Removail of 10 
to 75% of the leaves before flowering reduced yields only slightly, 
but removal of 100% caused a yield reduction of 22%. Yield reduc­
tions occurred most when leaves were removed at the time beans were 
beginning to develop (R5). Decreases in yields at that stage were 
8, 13, 18, 36, and 83% for the defoliations at levels of 10, 25, 
50, 75, and 100%, respectively. As with the case with other phases, 
they discussed the effects of defoliations on other yield peirameters. 
Finally, Kalton ^  aJ. conducted a preliminary test simulating 
seed shattering from a late hailstorm in September or October. They 
simulated 9 levels of shatter by removing seeds from mature plants. 
It was concluded that seed size is important in estimating shatter 
losses from hail. 
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Kalton ^  discussed the possibilities that results ob­
tained from their studies could provide clues to the significance 
of leaf damage during various growth-stages from frost, rabbits, 
leaf diseases, ajid insects. They reasoned that leaf feeding by 
insects would have the most disastrous effect on yield at stages 
R4 through R6. This statement was the first proposal that defoliation 
from hail simulations could be used to determine relationships be­
tween soybean yield and insect defoliation. 
Hail damage studies continued with a study from Illinois, which 
used a new method to simulate hail. Neill (1952a,b) conducted stud­
ies in which he manually threw cracked ice at the plants in 5 growth 
stages. He later used a rock-wool insulation blower to blow the 
ice onto plants in 10 different growth stages. Several degrees of 
damage were inflicted, ranging from light to heavy. Yield, as with 
other studies, was reduced most when injury was inflicted during 
the stages of bean development. Reductions had been increasing up 
to that stage. A discussion of other yield parameters was included. 
Further studies were conducted in Iowa that followed along 
the same lines as Kalton et ad. Camery and Weber (1953) defoliated 
soybeans at 3 levels (0, 50, aind 100%) and broke stems at 5 levels 
(O, 25, 50, 75, and 100%). The 50% defoliation was done by remov­
ing 1 entire lateral leaflet and the distal half of the terminal 
leaflet at each leaf. All vegetative growth was removed for 100% 
defoliation. Plaoit breakage was done by breaking the stems at 
half of the plant height. They found that defoliation reduced 
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yields more than breakage, and that the most severe reductions oc­
curred, as with other studies, at the time of beam development. 
Defoliation at 100% reduced yields more than twice that of 50% 
defoliation. 
Weber (1955) reported supplemental work on the effects of 
defoliation to smd topping of soybeans before pod formation. De­
foliations were accomplished by the same procedures used by Camery 
and Weber, and at the same levels. Topping was done by pulling the 
terminal bud and first partially unrolled leaf at the top of the plant 
at levels of 0, 25, 50, 75, and 100%. Plant growth-stages damaged 
were V2, V7-R1, and R2. Relatively light yield reductions were ob­
served because of the early growth-stages damaged. Defoliation at 
50% reduced yields very little, and 100% defoliation reduced yields 
only 20%. Weber's findings that yields are only slightly reduced 
in early vegetative stages agrees with previous studies. 
Hail-damage simulations were not conducted again until Weber 
and Caldwell (1966) studied the effects of early defoliation on 
soybeans up to stage V2, and effects of individual and combined 
defoliation and stem bruising on soybean yield. For the latter 
objective, defoliation was conducted at growth stages V4, Rl, R2, 
and R4. For the early defoliations, either cotyledons or unifol-
iate leaves were removed, and for the later defoliations, leaves 
were removed at levels of 0, 50, and 75%. Stem bruising was in­
flicted at various levels, depending on the growth stage. Results 
from their studies indicated that for 10 days following emergence. 
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at least 1 cotyledon was essential for maximum yield. The cotyle­
don's value decreased rapidly after the unifoliate leaf expanded. 
Removal of the unifoliate leaf reduced yield 2.8%, and if the 
cotyledons were also removed, the yield reduction was 1.3%, They 
also stated that bruising and defoliation were interrelated in 
producing yield losses. 
Because commercial soybean production in the Midwest is shift­
ing to more narrow rows and cultivars that are suited for them, the 
validity of using loss adjustment procedures for all row spacings 
was questioned. Therefore, Burmood and Fehr (1973) conducted a 
study to define the influence of varieties eind row spacing on the 
recoverability of soybeans to simulated hail damage. They used 2 
soybean cultivars, Hawkeye and Hawk, which differed in their re­
sponse to narrow rows, and grew them in rows spaced 50 and 100 cm 
apart. Hail-damage simulation was done by inflicting 3 percentages 
(0, 25, and 50%) of stand reduction and stem cutoff (at half-height), 
They concluded that row spacing and different cultivars do not war­
rant consideration in adjustment of soybeains for recover ability 
from hail damage. Thus, yield loss information that had been de­
veloped early should be useful for the newer varieties. 
Past studies on hail simulation had usually examined the effects 
of moderate to high levels of defoliation and plant stamd-reduction. 
Little work was done on the effects of these hail components at low 
levels. Therefore, Teigen and Vorst (1975) conducted a study to 
define these relationships by inflicting injuries at 3 percentage 
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levels, viz., 0, 25, and 50%. Defoliation was accomplished by 
cutting off terminal portions of each leaflet, and stand reduction 
was done by severing the stem below the cotyledonary node. These 
treatments were conducted at stages V7 and R3. Reductions in 
yield (6%) from defoliation was greatest at stage R3 with 50% 
defoliation. Stand reduction caused its greatest yield loss (17%) 
at stage R3 with 50% reduction in stamd. The largest combined 
yield loss, also at stage R3, was with stand reduction and de­
foliation, both at 50%. They concluded that low levels of damage, 
especially during vegetative growth stages, has little effect on 
yield, and that when such losses exist, plant stand reduction is 
more severe than defoliation. 
Although Burmood and Fehr indicated that different cultivars 
react similarly to hail simulations, the question occurred whether 
differences were present between indeterminate said determinate soy­
beans. (Previous studies used 1 or the other.) Therefore, Fehr 
et al. (1977) conducted a study to determine if any differences 
exist between indeterminate and determinate soybesins in their 
response to defoliation (0 and 100%) and half-plant cutoff (0 aind 
100%). Growth stages used were R2 to R7, inclusive. They performed 
their studies in Iowa and Indiana with indeterminate soybeans and 
in Arkansas with determinate plants. From their studies, they 
concluded that the determinateness of a cultivar should be con­
sidered when assessing yield reduction from damage during reproduc­
tive stages. Fehr ^  al. also suggested that damage from hail. 
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insects, and other factors will be most accurately estimated by 
establishing separate yield-loss relationships for the 2 types of 
soybeans. 
Insect-damage simulation 
After the majority of hail-damage simulations had been con­
ducted (late 1950s), researchers began to employ similar methodol­
ogies to simulate insect damage. As with hail studies, the goals 
were to define yield-loss relationships between a damaging factor 
and soybeans. Techniques used most often were paraJLlel to those 
from hail simulations. 
The initial attempt to simulate insect damage on soybeans was 
conducted by Gould (1960), who studied the effect of simulated 
Japanese beetle feeding on soybean yield. He removed varying 
amounts of foliage, viz., 0, 10, 25, 50, 75, and 100%, by hand, on 
a single day and up to 6 (nonconsecutive) days. Gould found that, 
in general, 10 and 25% of the foliage could be removed on several 
days without reducing yield and noted that the critical period of 
soybeaoi development was at pod-fill (R5). Those results agree with 
those from hail-damage simulations, where low levels of defoliation 
did not cause reductions in yield and that R5 was the most critical 
stage. The fact that the results are similar is not unexpected, 
because the techniques used to defoliate the beans were the same, 
amd should be similar. As will be seen, until Poston and Pedigo 
(1976) employed a different technique to simulate insect feeding. 
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all other insect simulations used methods obtained from hail simula­
tions. 
The next study involving insect simulation was conducted by 
Begum and Eden (1965), who measured the influence of defoliation 
on yield and quality of soybeans. However, no specific insect was 
simulated in their study, and their defoliations were considered 
representative of all defoliating insects. Four degrees of de­
foliation, viz., 0, 33, 67, and 100%, were inflicted at 3 growth 
stages, viz., R2, R5, and R6, by removing 0, 1, 2, or 3 leaflets 
per leaf. They found that removing 33% of the leaves at R2 caused 
no yield reduction, 66% caused reductions in 1 out of 2 locations, 
and 100% always caused yield losses. All amounts of defoliation 
at stage R5 caused a significant reduction in yield. At growth 
stage R6, the effects of defoliation were less severe than that at 
earlier stages. No effect on seed quality was observed. 
To simulate damage from 3 insect species (Plusia nu, Colias 
lesbia, and Heliotis armiqeral in Argentina, Rosas (1967) cut 
leaves from plants at percentages of 0, 8.3, 16.7, 33.3, and 50% 
at 4 different growth-stages; a negative relationship existed 
between defoliation and yield, and no influence was present on oil 
and protein content of the beams. 
Until this point in time, insect damage simulation had been 
concerned with insect defoliators. However, pod feeders are major 
pests in certain soybean-growing localities of the United States. 
Therefore, Kincade ^  ad. (1971) conducted pod-injury studies to 
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simulate damage from the bollworm (Heliothis zea). They injured 
pods at levels of 0, 10, 20, 30, and 50% of the total number of 
pods by cutting them with a leaf cutter» Their study was conducted 
for 2 years at stage R5, and differences in results were obtained 
between years. During a dry year, yields were reduced by injury 
of 30 and 50% of the pods, but in a year where moisture was abundaint, 
no yield differences were observed. Kincade ^  al» reasoned that, 
because of the differences, the ability for a plant to compensate 
for injured pods is greatly influenced by soil moisture. Therefore, 
they indicated that the economic threshhold level of bollworm in­
jury was lower in the dry years. This idea suggests the need for 
injury levels to be established for specific soil moisture condi­
tions. 
Several years later, Turnipseed (1972) conducted studies in 
South Carolina on the response of soybeans to foliage loss, and 
also on the effects of variety, irrigation, and date of planting 
on this response» He defoliated soybeans by cutting (with scissors) 
1/2 of 1 leaflet for 17% defoliation, 1 leaflet for 33%, 1 I/2 leaf­
lets for 50%, and 2 leaflets for 67%. This damage was inflicted on 
single days at various growth stages, and on a continuous basis 
beginning at R2, with new growth removed at 2-week intervals. 
Foliage losses of 17% at any stage and 33% at stage R2 did not 
cause significant reductions. The greatest losses were obtained 
from 67% defoliation at R4 and continued defoliation from stage 
R2 and R4. Yield reductions at R5 were intermediate 
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between those at R2 and R4. Turnipseed found that varieties, 
dates of planting, and use of irrigation did not influence de­
foliation results. The lack of irrigation on yield is at variance 
with that of Kincade ^  ad. However, no information is presented 
on whether dry conditions were prevalent in Turnipseed's study. He 
concluded that the lack of yield reduction at 17% and 33% was be­
cause of the additional light penetration to lower leaves, which 
resulted in compensation by increased photosynthesis. In South 
Carolina, insecticidal treatments based on these data were to 
treat only after defoliation reaches 35% through stages R2, and 
20% thereafter. 
The next report of insect-damage simulation on soybeans was of 
pod damage. Smith and Bass (1972) removed, by hand, 10, 20, 30, 40, 
and 80% of the total number of pods <:it various stages of soybean 
development„ They found that soybeans were able to withstand up to 
80% loss prior to initiation of podfill (R5), but after this stage, 
smaller percentages of pod removal reduced yields. Smith 
and Bass conducted the simulations at 2 locations, and 
found differences in yield reduction between them. They concluded 
that this difference was caused by moisture differences. They 
reasoned that the ability of the plant to compensate for pod loss 
was to increase seed weight, and that this increase was dependent 
upon adequate moisture during the critical R5 stage. These find­
ings agree with the conclusions of Kincade ejt (1971). 
Todd and Morgan (1972) conducted simulations in Georgia to 
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determine the effects of single day defoliations, continuous de­
foliations on a weekly basis with defoliation levels remaining the 
same, and continuous defoliations weekly with progressively greater 
percentages of foliage removed. This last treatment was included 
to more closely approximate a naturad, unabated buildup of phyto­
phagous insects. Defoliation levels were 0, 33, 66, and 100%, and 
were obtained by removing 0, 1, 2, and 3 leaflets from each leaf. 
Single defoliations at all levels reduced yield at most of the 
stages, with the higher levels reducing yields the greatest. Con­
tinuous and progressive defoliations at all levels drastically re­
duced yields at all stages tested. Todd and Morgan concluded that 
an early season outbreak of insects would cause relatively small 
yield losses if damage were not allowed to progress beyond 33% de­
foliation. They also stated that after full bloom, all degrees 
(33% or greater) of defoliation, single or continuous, should not 
be tolerated if top yields are to be obtained. 
The next 2 reported studies came from areas located outside 
the United States. Hammerton (1972) studied the effects of defolia­
tion, along with the effects of weed competition smd time of harvest 
(although the tests were done separately), on soybean yields in 
Trinidad. Defoliation, done manually, was conducted at levels of 
mild (45-50%) and severe (75-80%) in combination with low and 
high plant populations, and at early (R2) and late (R4) growth-
stages. Results indicated that late and severe defoliation caused 
the greatest yield reductions, especially at low plant stands. 
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However, sJ.1 defoliations were able to reduce yield. Enyi (1975) 
conducted simulations in Tanzania, studying the effects of defolia­
tion on yields of soybeans aind 3 other crops (groundnut, cowpeas, 
and green gram)= Defoliations were conducted by removing (with 
scissors) 1/2 of the entire amount of leaves at various times fol­
lowing planting» Enyi found that the greatest yield reduction in 
soybeans occurred 12 weeks after planting (R3), with either 50 or 
100% defoliation. 
A comprehensive study on the effects of defoliation and de-
podding on soybean yield (Thomas et 1974) and quality (Thomas 
et al. 1976) was conducted in Missouri. In their study, defolia­
tion and depodding were conducted in all combinations at levels of 
0, 33, 66, and 100% during 5 growth stages. Defoliations were ac­
complished by removing 0, 1, 2, or 3 leaflets per leaf on a single 
day. Depodding was conducted by counting the number of pods and 
removing the correct percentages. During the study, plaints were 
irrigated when necessary. Defoliation levels (without depodding) 
where significant yield reductions initially occurred was at 66% 
during stages R3 and R4, and 33% during stages R5 and R6. At stage 
R7, no yield reductions were observed at any defoliation level. 
Depodding levels (without defoliation) where yields losses ini­
tially occurred was at 66% during stage R3, and 33% during the re­
maining stages. Thomas ^  ado then used multiple regression tech­
niques to develop equations for yield-loss reductions at each growth 
stage as a function of defoliation and depodding. Economic-injury 
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levels for 7 insect pests were established at the various growth 
stages. The economic-injury levels for the green cloverworm (based 
on leaf consumption data of Stone eind Pedigo (1972)) were 54, 26, 8, 
7, Eind 13 larvae/O.3 m at soybean plant growth-stages R3, R4, R5, 
R6, and R7, respectively. These levels are the number of insects 
that would cause a 33.63 kg/ha (0.5 bu/a) loss. The value obtained 
by Thomas ^  for stage R4 is similar to the value of Stone and 
Pedigo, but the value at R6 (7 larvae/O.3 m) is extremely smaller 
than Stone and Pedigo's (40.5 larvae/O.3 m). 
In a separate paper, Thomas ^  al. (1976) reported the effects 
of defoliation and depodding on the quality of soybeans. They found 
that the overall trend was for defoliation to decrease seed size and 
show no effect on oil or protein content. The depodding effect was 
to increase seed size and protein content and decrease oil content 
of the remaining seeds. They suggest that quality as well as quan­
tity of the seeds should be considered in establishing economic-
injury levels, but gave no indication of how this could be accom­
plished. 
Until this time, all insect-damage simulations have relied 
on techniques obtained from the hail simulation studies. Poston 
eind Pedigo (1976) reasoned that insects generally tatter leaves, 
rarely excising them from the plant. They conducted insect simula­
tion studies where leaves were punched with a hole punch. This 
method, quite different from the other methods used in previous 
studies, was believed to more accurately represent actual insect 
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feeding. They simulated damage of the painted lady and the green 
cloverworra by removing percentage levels of 10, 20, 33, aind 50% over 
a 6 day period, rather than on a single day. Punching over time was 
done to more accurately represent an insect feeding during its larval 
stadium. Significant yield reductions were obtained with all defol­
iation levels except at 10%. Substantial yield differences were 
observed between the 2 years the study was conducted, and these 
differences were attributed to adverse growing conditions, viz., 
late planting because of hail damage and a midsummer drought in 1 
of the years. 
Since Poston and Pedigo had used a new technique to simulate 
insect feeding, the question arose which defoliation method (punch­
ing or cutting leaves), better simulates actual insect feeding. 
Therefore, Poston ^  (1976) conducted a study on the effects 
of artificial and insect defoliation on soybeem net photosynthesis. 
They compared the photosynthetic rate of leaves that were damaged 
by various artificial defoliation methods (punching holes, cutting 
(with scissors) across-the-midrib, and cutting along-the-midrib) 
and actual insect feeding. Based on comparisons to actual insect 
feeding, punching holes and cutting along-the-midrib adequately 
simulated insect feeding with regards to photosynthesis. However, 
cutting across-the-midrib had a significantly greater photosynthetic 
rate than did insect feeding. Poston ^  concluded that across-
the-midrib bisections did not adequately simulate insect damage. 
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A recent study of insect-damage simulation was conducted by 
Thomas ^  (1979). The major purpose of this study was to 
field-test derived threshold values (those levels that constitute 
an economic loss) from their previous work (Thomas et aA. 1974)„ 
They examined the effects of single and sequential defoliation on 
yield and quality of soybeans by defoliating the soybeans at 
various growth stages at their respective defoliation thresholds. 
Defoliation procedures consisted of excising numbers of leaflets 
necessary to remove the desired percentage levels during each stage 
(R3-40%, R4-19%, R5-6%, R6-6%, and R7-20%). As with their earlier 
studies, plants were irrigated when necessary. Results indicated 
that single-day defoliations at the threshold levels did not sig-
nificeuntly reduce yield. The only reduction in yield was with se­
quential defoliations which began at stage R3, and then only the 
2 highest defoliation regimes caused a loss (R3-40% + R4-19% + 
R5-6% + R6-6% and R3-40% + R4-19% + R5-6% + R6-6% + R7-20%). 
Thomas ^ t ad. concluded that only heavy populations of caterpillars 
would cause that level of sequential defoliation. 
Other damage simulations 
At least 2 damage simulation studies, other them hail or in­
sects, have been reported in the literature. Before soybeans be­
came an important grain crop, one of its uses was as a forage crop. 
In the 1940s, a study was conducted to determine the response of 
soybeans to simulated grazing (Gibson ^  aJ. 1943). Four defolia­
tion levels were used: light—removal of all but 6 leaves at either 
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10-, 20-, or 30-day intervals; medium—removal of all but 3 leaves 
at the same intervals; heavy—removal of all leaves at the same 
intervals; no defoliation (check). Leaves were removed by excising 
them from the plant by hand. Results indicated that heavy defolia­
tion at any frequency was too severe for satisfactory regrowth. 
Medium damage resulted in greater leaf yields than did either light 
or heavy damage. This knowledge is important in producing the 
maximum leaf areas for grazing purposes. Bean weights were found 
inversely related to the severity of defoliation. 
The remaining damage simulation study conducted with soybeans 
was leaf removal to simulate pathogen-induced defoliation (Lockwood 
et al. 1977). Leaves were removed from the base of plants upwards 
at intervals throughout a growing season to simulate progressive 
defoliation caused by a leaf disease. Entire leaves were removed, 
which was parallel to techniques used in hail-damage simulations. 
As with other defoliation studies, increased defoliation caused 
greater reductions in yields. Removal of the lower leaves at R2 
resulted in about a 20% yield reduction, and more severe defolia­
tions resulted in correspondingly greater yield reductions. Lock-
wood ^  concluded that leaf abscission, as a result of foliage 
infection, may cause significant yield reductions. 
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PART I; GREEN CLOVERWDRM LEAF CONSUMPTION ON GREENHOUSE 
AND FIELD-SOYBEAN LEAVES AND DEVELOPMENT OF A 
LEAF-CONSUMPTION MODEL 
25 
ABSTRACT 
Green cloverworm (Plathypena scabra (F.)) leaf-consumption 
was measured at various temperatures. Leaf consumption by male 
and female larvae were significantly different, with an average 
2 
of 116.9 cm . A green cloverworm leaf-consumption model then was 
established, relating larval leaf-feeding to development. Leaf 
consumption of greenhouse and field leaves were also compared and 
found significantly different. Consumption of field leaves was 
only 46.1% of the consumption of greenhouse leaves. 
26 
INTRODUCTION 
Several damage-simulation studies on soybeans have attempted 
to quantify yield-loss relationships resulting from insect de­
foliators (Turnipseed 1972, Todd and Morgan 1972, Thomas ^  al. 
1974, emd Poston and Pedigo 1976). However, damage amounts in 
those studies were measured as percent-of-leaf area removed (% 
defoliation), rather than insect numbers. Only Thomas et al. 
converted these defoliations to numbers of insects. In these 
studies, defoliations were inflicted on a single day, or on a 
fixed schedule through time, which did not accurately simulate 
the feeding of an insect population. Other studies have shown 
that leaf consumption is related to larval maturity (Reid and 
Greene 1973, Poston ^  ad. 1978) and that larval development is a 
function of temperature (Poston ^  sd. 1977). 
The green cloverworm (Plathypena scabra (F.)) and the painted 
lady (Cynthia cardui (L»)) are sporadic pests of soybeans in Iowa, 
and damage-simulation studies based on their behavior have been 
conducted (Poston and Pedigo 1976). Damage simulations of these 
species, however, were inflicted as percent defoliation over a set 
period of time (6 days). To more accurately quantify yield-loss rela­
tions of these two insects, studies should be conducted that simu­
late rate of insect feeding in relation to rate of larval develop­
ment. To accomplish such a simulation, leaf consumption models, 
relating leaf feeding, development, and temperature, must be 
formulated. Poston et (1977) established a thermal-unit system 
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for painted lady growth on soybeans, and subsequently, developed 
a leaf-consumption model (Poston et 1978). Presently, a 
thermal-unit system for green cloverworm (GCW) growth has been 
established (Hammond et aJ. 1979a), but no temperature based 
leaf-consumption model is available 
Therefore, the purpose of this study was to quantify GCW leaf 
feeding over its larval stages, and subsequently, develop a 
leaf-consumption model. Additionally, a study was conducted to 
determine differences, if any, in GCW leaf-consumption of green­
house and field-grown soybean leaves. 
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METHODS AND MATERIALS 
Leaf consumption model 
GCW eggs, obtained by use of procedures given by Hammond ^  
al. (1979a), were introduced into environmental growth chambers 
(ca. 50 eggs/chamber). Environmental conditions were 76 ±5% RH, 
maintained with saturated NaCl solutions (Winston and Bates I960), 
photophase of 15 hr, and temperatures of 21.1, 23.9, and 29.4 ±1°C. 
After egg hatch, 20 Ist-stage larvae were placed, individually, 
in 0.5-1 ice-cream cartons containing 1 greenhouse-grown soybeain 
leaf. Two trials of a completely random design was used, 20 repli­
cations, each with 3 treatments (temperatures constituting treat­
ments). Cartons were examined at 24-hr intervals, and GCW develop­
ment and leaf consumption were recorded. Larval-stage determinations 
were ascertained from head-capsule width measurements (Pedigo ^  , 
1973). Leaf consumption per individual was measured after each 
larval stadium by use of a LiCor^ area meter. Cartons were re­
plenished with new soybean leaves when necessary. Following GCW 
pupation, pupae were weighed, aaid after moth emergence, sex was 
recorded. 
Leaf consumption of greenhouse and field-grown leaves 
Eggs were maintained and introduced into environmental 
growth-chambers by use of procedures outlined previously under 
leaf-consumption model. Environmental conditions were equivalent, 
with the exception of temperatures, which were established at 
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29.4°C in 1977, and 26,7, 29.4, and 32.2°C in 1978. 
In both years, a completely-random design was used with 25 
replications. In 1977, source-of-leaves (greenhouse or field) 
constituted treatment, with 3 trials being conducted. In 1978, 2 
trials were conducted with treatments of 2 types: (1) source-
of-leaves and (2) temperature. 
In ad.1 studies, 50 Ist-stage larvae were placed, individually, 
in 0.5-1 ice-cream cartons. One greenhouse soybean-leaf was placed 
in 25 of the cartons, and 1 field soybean-leaflet in the remaining 
cartons (only a single leaflet was used because of its large size). 
Larval development and leaf consumption were measured, pupae weighed, 
and sex recorded as previously mentioned. 
Specific leaf weight 
The specific leaf weights of greenhouse and field leaves were 
established by determining the ratio of dried leaf-weight to leaf 
area (mg/cm ). Fifteen leaves were excised each from greenhouse 
or field-grown soybeans (var. Amsoy 71). Leaves sampled were fully 
expanded trifoliates, chosen for being representative of leaves 
used during the study. Leaf areas were measured with a LiCor 
area meter, afterwhich the leaves were oven dried and then 
weighed. 
Analysis of variance was used to test for differences (P = 
0.05) among treatments for all experiments. 
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RESULTS 
Leaf consumption model 
GCW leaf consumption at different temperatures is presented 
in Table 2. Male larvae consumed significantly more leaf tissue 
(X^ = 128.08 cm ) than did females (X ^ = 105.70 cm ), agreeing with 
Pedigo ^  (1977). Analysis also indicated no significant dif­
ferences in leaf consumption with temperatures, and no significant 
sex by temperature interactions. 
GCW leaf consumption of each larval stage is presented in 
Table 3, including combined (Xq^^ ) leaf consumption. Greatest 
consumption occurred in later stages (90% during the 5th and 6th 
stages), agreeing with Stone and Pedigo (1972). Combined, total 
— 2 leaf-consumption (X^^, = 116.91 cm ) was greater than that of Stone 
2 2 
and Pedigo (105.3 cm ) and Pedigo ^  (109.8 cm ). Individual 
larval-stage leaf consumptions were also greater than those of 
Stone and Pedigo. 
With these data, a GCW leaf-consumption model was developed 
using procedures of Poston ^  (1978). Combined, cumulative 
leaf-consumptions for GCW were regressed on the combined, cumula­
tive thermal-units (Table 4) necessary for GCW development (Hammond 
al. (1979a)). The resultant leaf-consumption model is as follows: 
2 2 
= 76.64 - 0.54954X + 0.00097x (R = 0.995), where = cumula­
tive leaf consumption, amd X = cumulative thermal-units (Fig. 1). 
GCW leaf consumption was negligible for 1st, 2nd, and 3rd-stage 
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Table 2. Green cloverworm leaf consumption (cm ) at different 
temperatures1 
Temperature (°C) Male Female 
21.1 126.2a 106.3a 
23.9 136.7a 110.9a 
29.4 129.2a 103.3a 
—2 
X 128.08 105.70 
4^eaf consumptions with different letters are significantly 
different (P = 0.05) using analysis of variance. 
2 
Male and female leaf consumptions are significantly dif­
ferent (P = 0.05). 
2 Table 3. Green cloverworm leaf consumption (cm ) for each larval 
stage 
Larval stage ^  
Sex 
1 2 3 4 5 6 
Total 
Male 1.01 1.51 3.18 6.16 16.50 99.72 128,08a 
Female 1.00 1.64 2.93 5.92 17.96 76.25 105»70b 
1
 
IX 
1.01 1.58 3.06 6.04 17.23 87.99 116.91 
A 7th stage has been reported to occur 24.2% of the time 
(Stone and Pedigo 1972). Therefore, 6th stage would include any 
7th stage larvae that had occurred. 
2 
Leaf consumption with different letters are significantly 
different (P = 0.05) using analysis of variance. 
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Table 4. Cumulative thermal-units for development and cumulative 
leaf-consumption for green cloverworm^ 
GCW stage Cumulative thermal .. Cumulative leaf units 
consumption 
Egg 123 -
Larva - 1 205 1.0 
2 270 2.6 
3 335 5.7 
4 404 11.7 
5 473 28.9 
6 630 116.9 
^Obtained from Hammond ^  ( 1979a). 
larvae, and is so indicated by the model. This model shows a 
quadratic relation, with a X intercept at 318 thermal units (late 
3rd instar) and offers a reasonable representation of QCW feeding. 
Leaf consumption of greenhouse and field leaves 
GCW leaf-consumption of greenhouse and field leaves is pre­
sented in Table 5. In 1977, males consumed significantly more leaf 
o 2 
tissue (X = 66.96 cm ) than did females (X „ = 54.43 cm ). Leaf 
o ^ 
consumption of greenhouse leaves (X^ = 89.07 cm^) was significantly 
greater them consumption of field leaves (Xp, = 35.01 cm^). There 
was also a significant source-of-leaves (greenhouse or field) by sex 
interaction. 
Figure 1. Established leaf-consumption model quauntitatively expressing 
relationship between green cloverworm development and feeding 
§ 
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Table 5« Green cloverworm leaf consumption (cm ), pupal weight 
(g), and efficiency of food utilization (g/cm^) of 
individuals reared on greenhouse and field leaves 
2 a 
Leaf consumption (cm ) 
1977 1978 
29.4°C 26.7°C 29.4°C 32.2°C 
Greenhouse 
Field 
97.71 
37.02 
(62.1%) 
Male 
106.47 
50.78 
(52.3%) 
110.82 
53.41 
(51.8%) 
108.64 
55.12 
(49.3%) 
Female 
Greenhouse 
Field 
79.92 
33.18 
(58.5%) 
90.30 
42.77 
(52.6%) 
97.46 
44.18 
(54.7%) 
94.35 
47.41 
(49.8%) 
Percent leaf-consumption reductions in parentheses (X = 
53.9%). 
^Efficiency of food utilization^measured as pupal weight 
attained to leaf area consumed (g/cm ). 
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Pup.1 weight (g) SîuSn1./c:V 
1977 1978 1977 1978 
29.4°C 26.7°C 29.4°C 32.2°C 29.4°C 26.7°C 29.4°C 32.2°C 
114.20 115.44 112.84 105.78 1.20 
115.67 117.61 112.84 111.60 3.33 
1.09 1.03 0.10 
2.34 2.19 2.11 
85.45 88.97 85.65 80.87 1.09 
88.08 89.17 87.32 84.37 2.87 
1.00 0.89 0.86 
2.15 2.05 1.89 
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In 1978, males also consumed significantly more leaf tissue 
(X = 81.81 cm^) than did females (X = 69.79 cm^), and leaf con-
o + 
sumption of greenhouse leaves (X^ = 101.22 cm^) again was signifi­
cantly greater than consumption of field leaves (X^ = 48.66 cm^). 
A significant source-of-leaves by sex interaction, as was evident 
in 1977, was present. There were neither significant differences 
in leaf consumption between temperatures, nor any further signifi­
cant interactions. 
Reductions in leaf consumption with field leaves ranged from 
49.3 to 62.1%, with a mean of 53.9%. GCW larvae reared on field 
leaves, therefore, consumed, on the average, 46.1% as much leaf 
tissue as larvae reared on greenhouse leaves. This percentage is 
lower than the 78.4% found by Boldt ^  a^. (1975), working with 
cabbage loopers (Trichoplusia ni (Hubner)). For soybean looper 
(Pseudoplusia includens (Walker)), Reid and Greene (1973) reported 
2 
a leaf consumption on field leaves of 81.96 cm , which was 72.0% of 
greenhouse-leaf consumption found by Boldt et al. 
Significant source-of-leaves by sex interactions were comparable 
both years. The differences in male consumption on field eind green­
house leaves was significantly greater than that of females (1977; 
2 2 
reduction for males = 60.69 cm , for females = 46.74 cm ; 1978; 
2 2 
reduction for males = 55.23 cm , for females = 44.72 cm ). 
Pupal weights of individuals reared on greenhouse and field 
leaves are presented in Table 5. Male pupae weighed significeintly 
more than female pupae both years (1977: X^ = 114.94 g and X g = 
38 
87.02 g; 1978: X = 112.56 g and X.= 85.73 g). In 1977, there 
* 
were neither significant differences in pupal weights between 
individuals reared on greenhouse or field leaves, nor significant 
source-of-leaves by sex interactions. 
Pupae in 1978 were significantly heavier, however, Wien in­
dividuals were reared on field leaves (X^ = 99.51 g), them when 
reared on greenhouse leaves (X^ = 97.47 g). There was no 
source-of-leaves by sex interaction. 
Pupal weights between temperatures were also significamtly 
different. Duncan's Multiple Range Test indicated that the pupal 
weights were significantly different depending on temperature 
(102.8, 97.7, and 94.9 g at 26.6, 29.4, and 32.2°C, respectively). 
There were neither significant temperature by sex nor temperature 
by source-of-leaves interactions. 
The ratio of pupal weight attained to leaf-area consumed, 
presented in Table 5, was used as an index for efficiency of con­
version of ingested food (Pedigo et aJ. 1977). Males had signifi­
cantly greater indices than females both years (1977: X = 2,28 
and Xç = 2.06; 1978; = 1.61 and X g = 1.47), indicating that 
males more efficiently utilized ingested food, agreeing with Pedigo 
et al. Larvae on field leaves had significamtly greater indices 
than those on greenhouse leaves both years (1977: X = 3.09 and 
XQ = 1.14; 1978: X^ = 2.17 and X^ = 0.99). Therefore, larvae were 
believed to have better utilized ingested leaf tissue of field 
leaves than that of greenhouse leaves. A significant source-of-leaves 
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by sex interaction was evident in 1977. There was an increase in 
more efficient utilization of ingested food for males from green­
house to field leaves than for females. In 1978, there was no 
significant source-of-leaves by sex interaction. 
Larvae at 26°C had a significantly greater index (X = 1.64) 
of utilization than did larvae at 29.4 and 32.2°C (1.51 amd 1.45, 
respectively). No significant temperature by sex or temperature 
by source-of-leaves interactions occurred. 
Specific leaf weight 
The specific leaf weight (dry weight) of greenhouse leaves 
(1.19 mg/cm^) was 50.9% of that of field leaves (3.87 mg/cm^). 
These specific leaf weights were significantly different. Boldt 
et alo found a difference of 76.2%» 
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DISCUSSION 
The leaf consumption model developed in this study was based 
on consumption of greenhouse leaves. However, field-leaf consump­
tion was only 46.1% of greenhouse-leaf consumption. If the model 
is to be used to simulate GCW feeding on field soybeans, it must be 
modified to represent field-leaf consumption. By reducing the 
cumulative leaf-consumptions (Table 4) by 53.9%, and regressing 
them on cumulative thermal-units, a new model is produced: 
2 2 
Yp^ = 35.33 - 0.25334X + 0.00045% (R = 0.995), where = cumula­
tive leaf consumption on field leaves, and x = cumulative thermal-
units. Ypç represents a 53.9% reduction in feeding from Y^. If 
Yç, was used to simulate feeding by GCW on field soybeans, larval 
numbers simulated have to be adjusted upward to account for the 
feeding difference by dividing by 46.1%, 
The differences observed between greenhouse and field leaf 
consumption will have a substantial effect on calculated economic-
injury levels (EIL) for green cloverworms on soybeans, because EIL 
calculations were based on leaf consumption of greenhouse leaves 
(Stone sind Pedigo 1972). Therefore, EILs must be reevaluated. 
Specific leaf weight of soybeeins plays an important role in 
determining the total leaf-area that larvae will consume. Specific 
leaf weight of greenhouse leaves was 50.9% of that for field leaves. 
GCW larvae, fed field leaves, only consumed 46.1% as much leaf 
tissue as those larvae fed greenhouse leaves. GCW larvae consume 
2 2 116.91 cm of greenhouse leaf-tissue, but only 53.9 cm of field 
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leaf-tissue (46.1% as much). When these leaf-consumptions on 
greenhouse and field leaves are multiplied by the respective 
specific leaf weights (1.90 and 3.87, respectively), GCW larval 
consumption of dried leaf-tissue is 222.13 and 208.59 mg for green­
house and field leaves, respectively. Therefore, leaf consumption 
on a dry-tissue weight basis becomes 94% of greenhouse leaf-
consumption. However, analyses indicate that efficiency of con­
version of ingested food (if calculated as pupal weight attained 
to leaf-weight consumed) remains significantly greater when 
larvae are reared on field leaves (1977: Xp, = 0.80 eind = 0.60; 
1978: Xp = 0.55 and X^ = 0.51). Further studies should be con­
ducted to define possible nutritional differences between green­
house and field leaves. 
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PART II: EFFECTS OF ARTIFICIAL AND INSECT DEFOLIATION 
ON WATER LOSS FROM EXCISED SOYBEAN LEAVES 
43 
ABSTRACT 
Water loss (per leaf area remaining) was measured on artifi­
cial and insect-defoliated soybean leaves to define possible dif­
ferences between defoliation methods. Water losses of punched 
defoliated leaves (inflicted with a paper punch) were signifi­
cantly greater than those of picked defoliated leaves (inflicted 
by excising leaflets) at comparable percentages of defoliation. 
Similarities in water loss and trends of loss through time between 
punched-defoliated and insect-defoliated leaves suggest that punch­
ing leaves more accurately simulates damage from insects than pick­
ing leaves. 
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INTRODUCTION 
Damage-simulation studies have been conducted on soybeans to 
determine yield-loss relationships from various sources of de­
foliation (e.g., hail, leaf diseases, and insects). Hail damage 
has been simulated by mechanically shredding leaves and breaking 
stems to achieve light, medium, and heavy damage (Kailton ^  al. 
1949), manually throwing cracked ice (Neill 1952a), and removal of 
leaves to attain desired percentages of defoliation (Kalton ^  al. 
1949, Camery and Weber 1953, and Teigen and Vorst 1975). Removal 
of leaves consisted of excising leaves smd leaflets amd/or cutting-
off the terminal portions of leaflets. Simulation of pathogen-
induced defoliation has been conducted by removal of entire leaves 
(Lockwood ^  al. 1977) . 
Insect damage has been simulated most often by methods similar 
to those used in hail-damage studies. Defoliations have been in­
flicted by excising leaves or leaflets (Todd and Morgan 1972 and 
Thomas et al. 1974), and by a combination of excising and/or 
cutting-off portions of leaflets (Turnipseed 1972). Poston and 
Pedigo (1976) simulated insect-defoliation, however, by punching 
holes in leaves with a paper punch or cork borer to remove per­
centages of total area. They reasoned that tattering produced by 
punching holes better simulated the tattering produced by insect 
feeding. 
Differences between some of these defoliation methods have 
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been reported in the literature. Poston ^  aJ. (1976) found 
that across-the-midrib leaflet-bisections increased soybean 
net-photosynthesis per remaining leaf tissue, and that it did not 
simulate defoliation by insects. Cork borers, paper punches, and 
along-the-midrib bisections simulated insect defoliation based on 
net photosynthesis. Working with another crop, cotton, Davidson 
(1973) showed that leaf punching caused a greater reduction in 
yield than simply removing an equivalent amount of leaf tissue at 
the petiole. 
Parameters other them photosynthesis and crop yield may also 
be affected differentially by defoliation methods. In a study of 
drought resistance with soybeans, Clark and Levitt (1956) have 
indicated that water loss was greater from cut soybeem leaves than 
from uncut leaves. Because punching leaves produces a "cut" leaf, 
as contrasted with picking leaves which allows the leaf to remain 
uncut, there is a distinct possibility that differences in water loss 
between these defoliation methods may exist. Therefore, this 
present study was conducted to evaluate water losses, if any, 
between types of artificial and natural defoliation. 
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METHODS AND MATERIALS 
Studies were conducted comparing water loss of greenhouse-
grown and field-grown soybean leaves. Seven defoliation treatments 
were compared; 0% defoliation (check), 33% and 66% defoliation 
inflicted by punching holes in leaves, 33% and 66% defoliation in­
flicted by excising leaflets (66% defoliation included 1 treatment 
with the termineJ. leaflet remaining, and 1 treatment with a lateral 
leaflet remaining), and natural insect defoliation represented by 
the green cloverworm. 
Greenhouse-leaf trials 
Seven soil flats (40 x 55 cm) were planted with 32 soybean 
seeds (var. Amsoy 71) spaced equidistantly. When soybeans reached 
pleint-growth stage V4 (Fehr ^  1971), defoliation treatments 
were initiated. Soil flats containing soybeans were placed sep-
3 
arately into screened cages (60 cm ) to insure comparable light 
intensities on all flats during the defoliation period. GCW 
larvae (4th-6th stage), from a greenhouse colony, then were placed 
on soybeans in 1 (out of 7) reotidomly chosen cage. Lsorvae were 
placed in the cage in numbers sufficient Ç> 60) to insure that 
medium to heavy defoliation occurred in a 24-hr feeding period. 
At this time, other cages were randomly assigned a defoliation 
treatment, and treatments then were replicated 15 times. Punched 
leaf defoliations were accomplished by removing the necessary per­
centage of leaf tissue with a paper punch. Selected leaves were 
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measured prior to defoliation with a LiCor aire a meter, and sub­
sequently defoliated on a percentage basis. Picked-leaf defolia­
tions were accomplished by excising 1 lateral leaflet per leaf, for 
33% defoliation, and 2 leaflets per leaf for 66% defoliation. To 
insure uniformity between leaves, only 2nd trifoliate leaves (3rd 
node) were chosen to be defoliated. 
After the 24-hr insect-feeding period, GCW larvae were re­
moved from the insect-defoliated cage, and then all soybean flats 
were removed from their cages. Ten to 14 leaves (depending on 
the trial) were excised from each flat and placed into florist 
aquapics, which were filled with a predetermined volume of water, 
Aquapics then were arranged spatially according to a randomized 
complete-block design, with 11, 14, or 12 blocks (in trials 1, 2, 
and 3, respectively), each with the 7 treatments. Leaves were 
measured with the area meter to determine their leaf areas after 
defoliation. Leaves were held in the laboratory with environmental 
conditions of: ca. 23.9°C, 30-45% RH, and a photophase set at 
15-hr. 
During a 10-day period, water loss was measured at 24-hr 
intervals. When leaves dried or began to yellow, they were removed, 
and water loss no longer measured. 
Field-leaf trials 
A trial was conducted with field leaves (var. Amsoy 71). 
Eighty leaves (from plants selected randomly) were excised from 
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the top 1/3 of the plant canopy» Leaves were chosen from ap­
proximately the same height and orientation to insure uniformity, 
placed into water-filled aquapics, and brought into the laboratory» 
Subsequently, aquapics, containing 1 leaf, were placed in­
dividually into 1-1 ice-cream cartons. Cartons were used to en­
close 5 early 6th-stage larvae on 12 randomly-chosen leaves. A 
tricot-cloth net was fastened over the carton to prevent larval 
escape. At this time, the other defoliations were inflicted to 
each of 12 leaves, similarly to the greenhouse trials. These 
defoliated leaves were placed in tricot covered cartons to create 
comparable environmental conditions. 
After a 24-hr feeding period, larvae were removed. Aquapics 
then were taken out of the cartons, and spatially arranged in a 
randomized complete-block design, 12 blocks each with the 7 treat­
ments, Water loss was measured as with greenhouse leaves, except 
at 12-hr intervals for a 3 day period. (Water loss from field 
leaves was far greater than that from greenhouse leaves and neces­
sitated more frequent reading). 
Analysis of variemce was used to test for significant dif­
ferences (P = 0.05) between treatments. 
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RESULTS AND DISCUSSION 
To compensate for significamt differences in leaf area 
(after defoliation) between treatments (Table 6), water loss is 
2 presented as ml of water lost per cm of leaf area. Thus, ef­
fects of defoliation methods on water loss can be directly com­
pared. Water losses obtained in each triail for all treatments 
are presented in Table 7» 
Greenhouse-leaf trials 
Water losses of punched-33% and 66% leaves were significantly 
greater them that of picked-33% and 66% (terminal or lateral 
leaflet) leaves, respectively, in each of the 3 trials. Water 
loss of insect-defoliated leaves was not significantly different 
than those of punched-33% leaves and picked-66% leaves (lateral 
leaflet) in trials 1 and 2, and of punched-66% leaves in trial 3. 
Insect-defoliated leaves in trial 3 had a water loss significantly 
greater than that of punched-33% leaves ajid all picked leaves. In 
trials 1 and 2, all defoliation treatments had a water loss sig­
nificantly greater than the check, but in trial 3, only the punched 
and insect-defoliation treatments were significantly greater. 
Increases in percentages of defoliation were usually accom­
panied by increases in water loss per leaf area remaining of both 
punched and picked leaves. Water losses of punched-66% leaves were 
significantly greater than that of punched-33% leaves in all 3 
trials, but picked-66% leaves (terminal aind lateral leaflets) had 
2 
Table 6. Average leaf-area (cm ) after defoliation emd percent-
reduction (based on the check of each trial) for each 
leaf^ 
Defoliation treatment Field trial 
Method % 
Leaf 
area 
(cm^) 
% Reduction 
from check 
Insect 
Punch 
Punch 
Pick 
Pick-T 
Pick-L 
Variable 
33 
66 
33 
66 
66 
142.94 b 
119.98 c 
101.86 d 
126.53 c 
67.90 e 
63.19 e 
20.8 
33.5 
43.5 
29.9 
62.8 
65.0 
Check 180.38 a 
lumbers followed by different letters are significantly 
different (P = 0.05) by Duncain's Multiple Ramge Test. 
2 
T = terminal leaflet remaining; L = lateral leaflet re­
maining. 
51 
Greenhouse trials 
Leaf % Reduction Leaf % Reduction Leaf Reduction 
area from check area from check area from check 
(cm^) (cra2) (cm^) (%) 
22.99 d 48.4 29.99 c 47.4 32.68 c 46.0 
34.47 b 22.9 32.51 c 43.0 38.32 b 36.6 
23.45 d 47.4 18.58 d 67.4 24.98 de 58.7 
30.04 c 32.6 37.37 b 34.5 42.85 b 29.2 
21.10 d 52.7 19.87 d 65.1 26.14 d 56.8 
13.14 e 70.5 19.65 d 65.5 21.00 e 65.3 
44.59 a —— 57.01 a — 60.48 a — 
Table 7. 2 Average water-loss (ml H^O/cm leaf-area remaining) per day from each leaf ^ 
Defoliation treatment Trials 
Method % 1 2 3 Field 
Insect Variable 5.10 b 4.46 b 5.88 a 2.73 be 
Punch 33 4.63 be 4.46 b 4.57 b 3.12 b 
Punch 66 6.10 a 6.66 a 6.07 a 4.14 a 
Pick 33 3.27 d 3.18 d 2.68 c 2.13 c 
Pick-T^ 66 4.16 c 3.93 c 3.19 c 2.72 be 
Pick-L^ 66 4.63 be 4.36 be 3.36 c 2.23 e 
Check — — 2.66 e 2.34 e 2.29 c 2.12 c 
^Numbers followed by different letters axe not significantly different (P = 0.05) 
by Duncan's Multiple Range Test. 
= terminal leaflet remaining; L = lateral leaflet remaining. 
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water losses significantly greater than picked-33% leaves only 
in trials 1 and 2. 
A 2nd technique used to analyze effects of defoliation method 
on water loss was to examine trends in loss through time (days). 
Water loss per day was regressed on days for individual leaves, 
and averages of the slopes (b values) for treatments were compared 
(Table 8). In trials 1 and 2, b values for insect and punched-
leaf defoliated treatments were negative, being substan­
tially lower than the b values obtained with picked-leaf treat­
ments. Although in trial 3, all b values obtained were negative, 
the values for insect and punched-leaf treatments were, as in 
trials 1 and 2, substantially lower than the b values obtained 
from the picked-leaf defoliation treatments. 
Field-leaf trials 
Water losses of punched-33% and 66% leaves were significantly 
greater than those of picked-33% and 66% leaves (terminal and 
lateral leaflets), respectively (Table 7). Insect defoliated 
leaves had a water loss significantly different from only that of 
punched-66% leaves. An increase in water loss with an increase 
in percentage of defoliation was evident only with the punched 
leaves. 
Differences in b values obtained (Table 8) in the field-leaf 
trial are in agreement with the difference observed in the green­
house trials. The b values for insect and punched-leaf defoliation 
2 
Table 80 Average slope (b values) from regressing water loss (ml H^O/cm leaf-area) on 
days for individual leaves 
Defoliation treatment Trials 
Method % 1 2 3 Field 
Insect Vairiable -0.2102 -0.1083 -0.6750 -0.1091 
Punch 33 -0.0521 -0.0269 -0.3590 -0.1598 
Punch 66 -0.0946 -0,2133 -0.5459 -0.1708 
Pick 33 0.0305 0.1171 -0.0332 -0.0542 
Pick-T^ 66 0.0481 0.1014 -0.1053 -0.0222 
Pick-L^ 66 0.0667 0.1263 -0.2047 0.0767 
Check — 0.0015 0.0164 -0.0505 0.0293 
^ = terminal leauflet remaining; L = lateral leaiflet remaining. 
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treatments are substantially lower than the values of the picked-
leaf treatments. Although water loss of insect defoliated leaves 
was not significantly different from those of picked leaves, the 
b values obtained for these 2 methods are substantially different. 
This lack of significance between water losses of insect-
defoliated and picked-leaf treatments in the field-leaf trial 
(contrasted to the greenhouse trials), is possibly explained be­
cause of the percentages of defoliation attained by insect feed­
ing. Whereas percentage of defoliation attained for punched and 
picked-defoliated leaves in the field-leaf trials (Table 6) are 
similar to their respective defoliation levels in the greenhouse 
trials, percentage levels of insect-defoliation treatments in the 
field-leaf trial (20.8%) is less than half the average level in 
the greenhouse-leaf trials (X = 46.7%). Insect feeding was much 
less than had been hoped for in the field-leaf trial, and there-
2 fore, the leaf area (142.94 cm ) was significaintly larger than 
other defoliated treatments (Table 6). Had insect defoliation 
reached a percentage similar to that in greenhouse-leaf trials, we 
believe that water loss per leaf area remaining would likewise 
have increased. 
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CONCLUSION 
Punched-leaf defoliation treatments had greater water losses 
than picked-leaf treatments at similar percentage defoliations, and 
they compared more closely with insect-defoliated treatments than 
did picking-leaf treatments. Because of the similarities in water 
loss and b-values, punching leaves does simulate insect feeding, 
and is a better choice of a defoliation method than picking leaves. 
The exposure of mesophyll leaf tissue that occurs vAien in­
sects feed or holes are punched, probably accounts for differences 
observed in water loss between defoliation methods. This expo­
sure of tissue provides an additional surface where tramspiration 
can occur. This explanation is supported by the work of Davidson 
(1973), vAio found that punching cotton leaves increased water 
evaporation because of the exposure of mesophyll leaf tissue. He 
reasoned that this additional water loss resulted in greater reduc­
tions in cotton yield Wien the plants were defoliated by punching 
leaves as compared to picking leaves. These points suggest that 
field studies are needed to define the relationship between types 
of defoliation, water loss, and resulting soybean yields. 
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PART III; INSECT DAMAGE SIMULATION OF TWO DEFOLIATORS 
ON SOYBEANS AND DEVELOPMENT OF ECONOMIC 
INJURY LEVELS 
58 
ABSTRACT 
A 3 year study was conducted in central Iowa to establish 
yield-loss relationships for the painted lady, Cynthia cardui (L.) 
emd the green cloverworm, Plathypena scabra (Fo), on soybeans» A 
temperature-dependent leauf-consumption model governed simulated 
larval development and defoliation. Data were also collected on 
commonly used methods of simulating insect defoliation to detect 
any differential effects on soybean yield. 
Central Iowa experienced an extreme drought the first 2 years 
of the study, emd yield reductions those years were great. There 
was em ample supply of soil moisture in the remaining yeeuc, and 
the insect levels simulated did not cause any yield reductions. 
Therefore, yield-loss relationships were established for the dry 
years only, as were the subsequent calculated economic-injury 
levels. 
Differential effects on soybean yield were observed between 
defoliation methods. The temperature-dependent 1eaf-consumption 
method, where leaves were punched over time, had an overall more 
severe yield reducing effect than single-day punching or picking. 
59 
INTRODUCTION 
Knowledge of yield-loss relationships between a crop amd its 
insect pests is an importajit aspect of any insect pest-mamagement 
program. The ability to determine these relationships with natural 
insect populations is limited when an insect is not a problem each 
year, and population numbers are not sufficient to cause economic 
damage. To circumvent this problem, researchers have artificially 
infested plants by caging insects on them. This often proves in­
effective in producing true yield relationships because of certain 
extraneous factors (e.g., influences of cages on the physical en­
vironment and growth characteristics of the plant). In another 
approach, workers have attempted to create different size popula­
tions for studying yield-loss relationships by varying rates or 
kinds of insecticides. This approach yields questionable results 
because of modification of insect feeding, moribund individuals, 
and physiological changes in plants. Therefore, none of these 
approaches can be considered adequate by themselves. 
An alternative method of establishing yield-loss relationships, 
especially with occasional pests, has been simulation of insect 
damage. Such studies have been conducted on soybeans (simulating 
pod feeders and leaf defoliators) to quantify these relationships. 
Because of the indirect effect that defoliation has on reducing 
soybean yield, insect leaf-consumption has been very difficult to 
simulate and measure» Techniques employed to simulate insect leaf 
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feeding most often have paralleled those used in h ail-damage simu­
lations (e.g., Kalton et , 1949 and Weber 1955). Individual 
leaflets have been excised (Begum and Eden 1965, Todd and Morgan 
1972, and Thomas et 1974) and/or portions of leaflets have 
been cut-off (Turnipseed 1972 and Thomas ^  1979) at a single 
time. Recently, a different technique was employed that simulated 
insect defoliation more accurately. Reasoning that insect feeding 
generally tatters leaves, rarely excising them, Poston and Pedigo 
(1976) punched holes in leaves to remove leaf tissue (thereby pro­
ducing the tattered appearaoice), when simulating defoliation by 
the painted lady (Cynthia cardui (L.)) and the green cloverworm 
(Plathvpena scabra (F.)). They also inflicted damage over a 6 day 
period, with defoliation rate increasing through time. In these 
studies, damage inflicted was based on percentage of defoliation, 
rather than a specific insect population. There are no reports 
in the literature of damage simulation by a specific insect popula­
tion. 
To simulate specific insect numbers, larval feeding aind devel­
opment must be known. Leaf consumption models, quantitatively relat­
ing insect feeding and growth, have recently been developed for the 
painted lady (Poston ^  1978) and the green cloverworm (Hammond 
et al. 1979b). Previous yield-loss relationships used for these 2 
insects (Stone and Pedigo 1972) were based on simulations con­
ducted by excising leaves (Kalton ^  1949). These models can 
be employed to define yield-loss relationships, more accurately, 
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for both insects using the simulation technique described herein. 
Therefore, damage simulations were conducted to: (1) establish 
new, more accurate yield-loss relationships for the painted lady 
(PL) and the green cloverworm (GCW) in Iowa and (2) define dif­
ferences, if any, in soybean yield between a temperature-dependent 
leaf-punching method and previously used defoliation techniques 
(single-day punching and picking leaves)» 
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METHODS AND MATERIALS 
Defoliation procedures 
Methods used to calculate and effect daily feeding of simulated 
PL and GCW populations were similar, except for the leaf-consumption 
model used. The model used for PL simulation, = 105.3106 -
2 2 0.9206x + 0.0019X (R = 0.999), where = cumulative leaf con­
sumption and X = cumulative thermal units, was calculated on data 
from Poston ^  (1978). The model has an x-axis intercept of 
346 thermal units (TU), indicating that feeding becomes noticeable 
during the 4th instar. Therefore, PL defoliations were initiated 
at this point. The GCW model, Y^ = 76.64 - 0.5495x + 0.00079x^, 
obtained from Hammond ^  (1979b), depicts defoliation becoming 
noticeable late in the 3rd-larval stadium. Therefore, GCW 
defoliations were initiated at this time. 
Daily defoliations were determined in the following manner: 
1. Thermal units (TU^) for the day were determined 
(Poston et ad. 1977 (PL) and Hammond et 1979a 
GCW)), where n equals the current day. 
2. Cumulative thermal units for the day were determined; 
ETU = ZTU ^ + TU 
n n-1 n 
3. Cumulative leaf consumption (ELC^) per insect was 
determined using the appropriate leaf consumption model 
and ZTU^. 
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4. Leaf consumption per insect for the day was determined: 
5. Leaf consumption per plot (LCP^) was determined by 
multiplying LC^ by the number of insects per plot: 
LCP = LC * In 
n n 
6. Number of holes per plot (HP^) were determined by 
dividing leaf consumption per plot by the area (A) 
2 
a paper punch (for PL simulations, area = 0.38 cm ; 
2 for GCW simulations, area = 2.85 cm ); 
HP 
n 
LCP • A 
n 
These defoliation treatments are referred to as punch: 
leaf consumption model (Pu-LCM) treatments. . 
Treatments of single day (SD) punching and picking leaves 
were conducted on the last day of the defoliation period. The 
total leaf tissue removed was equal to the cumulative amount 
(SLC) removed by the Pu-LCM treatment at the equivalent level. 
For punching leaf treatments (Pu-SD), the same number of holes were 
punched (2HP) as with Pu-LCM, but on a single day. Two procedures 
were used to conduct the picking leaf (Pi-SD) treatments. In 
1976 and 1977, field leaves were measured to obtain the average 
2 
area (cm ) of a leaflet (L). The amount of leaf tissue to be 
removed (SLC) was divided by the leaflet area (L) to determine the 
number of leaflets to be picked. In 1978, a Licor® area meter was 
taken to the field, and leaflets measured as they were picked. 
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Removal of leaflets was terminated when the ctunulative area 
removed was equal to (SLC). In 1978, an additional treatment of 
picking leaves over time (Pi-LCM) was included, where amounts of 
leaf tissue removed per day were equivalent to those of Pu-LCM 
treatments. 
1976 simulation 
Soybeans (var. Amsoy 71) were planted on May 31 at a rate of 
20 plants/O.3 m with 76-cm centers, in the Insectary garden on 
the Iowa State University campus. Plant stands were thinned to 
7 plants/0o3 m ajid 44 plots were established (91 cm/plot, 21 
plants/plot) on June 16„ A randomized complete-block design was 
used, 4 blocks each with 11 treatments (PL emd GCW simulations 
constituting treatments). 
Daily TU accumulations for PL simulations were initiated on 
June 16 at soybean growth-stage VI (Fehr ^ t a^. 1971), when it was 
assumed that females from a migrating PL population oviposited on 
emerged soybeeins (observed PL arrival in central Iowa has been 
early June (Poston ^  1977) ) « Defoliation was begun on June 
20 (plant growth-stage V3) with PL simulated (Pu-LCM) at levels of 
2, 5, and 10 larvae/O.3 m. Defoliation was terminated when cumu­
lative TUs indicated pupation on June 30 (plant growth stage V4)« 
On this day, Pi-SD and Pu-SD treatments were conducted at a level 
of 10 larvae/O.3 m, and plant heights for PL plots were measured. 
Daily TU accumulations aind defoliation for GCW simulations 
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began on July 11 (plant growth-stage R2) vAxen it was assumed that 
larvae were 4th stage (outbreaks of GCW usually occur in raid-July 
during growth-stage R2 (Poston and Pedigo 1976)). GCW were simula­
ted at levels of 10.8, 32.5, and 65.1 larvae/O.3 m. Original 
levels simulated were 5, 15, and 30 larvae/O.3 m, respectively, 
but Hammond ^  (1979a) found that GCW leaf consumption on field 
leaves was only 46.1% of that on greenhouse leaves. Therefore, 
the original levels were adjusted to reflect larval feeding of 
field leaves. Defoliation was terminated on July 30 (plant growth-
stage R3) vAien cumulative TUs indicated pupation. On this day, 
Pu-SD and Pi-SD treatments were conducted at a level of 65.1 
larvae/o.3 m, and plant heights for GCW plots were measured. 
Dimethoate was applied at 0.56 kg/ha twice during the season for 
control of twospotted spider mites (Tetranychus urticae Koch). 
At harvest (Sept. 24), plaints were hand harvested, aoid sub­
sequently, beans were dried to a constemt moisture content in a 
forced air oven. Data collected were total weight, bean weight, 
number of pods, and number of beans. 
1977 simulation 
Soybeains were planted on May 23 at the Ross farm, 3.2 km NW 
of Ames, Iowa, and thinned to 9 plants/O.3 m on June 7. Plots 
were established as in 1976 on June 9, except with 5 blocks rather 
than 4. 
PL simulations were initiated on June 7 and defoliation 
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commenced on June 20 at levels of 1, 3, and 5 larvae/O.3 m. (Be­
cause of high percentages of defoliation attained in 1976, numbers 
of insects simulated were lowered.) On June 30, defoliation was 
terminated, and Pi-SD and Pu-SD treatments were conducted at a 
level of 5 larvae/0o3 m. Plant height measurements then were 
taken. 
QCW simulation and defoliation were begun on July 11, with 
levels simulated at 6.5, 17.4, and 26.0/0.3 m (originally 3, 8, 
and 12 larvae, respectively). On July 21, defoliation was termina­
ted, and Pu-SD emd Pi-SD treatments were conducted at a level of 
26.0 larvae/O.3 m. Plant height measurements of QCW plots were 
not taken at this time. 
On Sept. 20, plant heights were measured for all plots, aaid 
plants then were hand harvested. Parameters measured were the 
same as in 1976. 
1978 simulation 
Soybeans were planted at the Johnson farm, 3.2 km S of Ames, 
Iowa, on May 23, and thinned to 9 plants/O.3 m on June 9. Plots 
were established as in the preceding years on June 10, with 5 
blocks, but each with 15 treatments. An additional insect level 
was simulated for each species, and Pi-LCM treatments were included. 
PL simulations were begun on June 4, and defoliation initiated 
on June 19 at levels of 1, 3, 5, and 7 larvae/O.3 m, with the Pi-LCM 
treatment at a level of 7 larvae/O.3 m. On June 19, defoliation 
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was terminated, Pi-SD and Pu-SD treatments conducted at a level 
of 7 larvae/0o3 m, and plant heights measured. 
GCW simulation and defoliation were initiated on July 10, at 
levels of 10,8, 17.4, 26.0, and 32.5 larvae/O.3 m, with the Pi-LCM 
treatment at a level of 32.5 larvae. On July 21, defoliation was 
terminated, Pi-SD and Pu-SD treatments conducted at a level of 
32.5 larvae/O.3 m, and plant heights measured. 
Plant heights were measured for all plots at harvest maturity, 
and plants hand harvested on Sept. 28. Parameters measured were 
the same as in preceding years. 
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RESULTS 
Analysis of variance was used to determine significance (P = 
0.05) for the yield parameters each yeaor, and when significant 
F-values were obtained, Duncan's Multiple Range Test was used to 
define the differences between treatmentso Results for PL and 
GCW simulations, while analyzed together, are presented in separate 
tables for clarity. Therefore, values of check treatments are 
duplicated in each table. 
PL simulations (Table 9) 
Significant bean weight (yield) reductions from the check were 
observed with 5 and 10 larvae (Pu-LCM) in 1976, and with 5 larvae 
(Pu-LCM) in 1977. No significsmt reductions occurred with amy 
Pu-LCM treatments in 1978. The only significant bean weight reduc­
tion with a Pu-SD treatment was with 10 larvae in 1976. However, 
this treatment had a significantly greater bean weight than the 
Pu-LCM treatment at 10 larvae that year. In 1977, Pu-SD at 5 
larvae did not reduce bean weight, although a reduction was ob­
served with 5 larvae of Pu-LCM. In 1978, beaji weight of the Pu-SD 
treatment was not significantly different from other treatments. 
Pi-SD treatments did not significantly reduce bean weight from the 
check in any year. Pi-SD, however, at 10 larvae in 1976 had a 
significantly greater bean weight than that of Pu-LCM at 10 larvae, 
and in 1977, the Pi-SD treatment did not reduce bean weight as did 
Table 9. Yield parameters for painted lady simulation treatments^ 
Defoliation trt. Bean wt (g)/plot No. pods/plot 
No. larvae/ 
0 o 3 in 1976 1977 1978 1976 1977 1978 
Check 203.6a 162.8a 206.7a 660.8a 487,6a 618.8a 
1 Pu-LCM 145o3ab 219.8a 414.0a 606.6a 
2 Pu-LCM 146.lab — — 477.8a 
3 Pu-LCM 148.5ab 206.2a 458.4a 609.4a 
5 Pu-LCM 124.8b 125.7b 217.9a 455.3ab 386,6a 614.0a 
7 Pu-LCM — — 192.la 539.4a 
10 Pu-LCM 62.6c — — 253.0b 
5 Pu-SD — 140 o 7 ab — — 410# 23. "" 
7 Pu-SD — — 201.8a 578«6a 
10 Pu-SD 134.2b 4560 3a.b — — 
5 Pi-SD — 154.Oab — — 438oOa " 
7 Pi-SD 192.1a — — 548* 891 
10 Pi-SD 164.4ab — — 570 0 321 — — 
7 Pi-LCM — — 184.la — 5460831 
^Numbers in columns followed by different letters are sig­
nificantly different (P = 0.05) by Duncan's Multiple Range Test, 
2 
LCM = by use of temperature dependent leaf-consumption model; 
SD = single day defoliations; Pu = punching; Pi = picking. 
3 
Measured at end of defoliation period. 
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2 
No. beans/plot Plaint height (cm) 
1976 1977 1978 1976 1977 1978 
1418.5a 931.6a 
— 791.6a 
1094.8a 
— 928.6a 
982.5ab 759.2a 
516.5b 
818.2a 
976.8ab 
859.8a 
1207.3a 
1226.4a 34.2a 
1193.4a 
25.8bc 
1194.6a — 
1269.0a 22.0cd 
1074.6a 
18.8d 
1184.6a 
28.0b 
1160.4a 
32,5a 
1069.8a 
35.2a 43.4a 
30.6ab 39.9ab 
29.6bc 37.1bcd 
29.2c 33.5d 
34.5cd 
33.4ab 
— 42.8a 
33.2ab 
39.Oabc 
36.9bcd 
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Pu-LCM at an equivalent level. In 1978, the Pi-SD treatment was 
not significantly different from other treatments. 
The only reduction in numbers of pods or beans was with Pu-LCM 
in 1976 at 10 larvae. This treatment also caused the most severe 
reduction in plant yield. No other differences in these yield 
parameters were observed in other years. 
Stunting, as measured by reduction in plant height, occurred 
all 3 years. Pu-SD at 10 larvae and all Pu-LCM treatments in 1976 
had plant heights significantly smaller than that of the check, 
Pu-LCM at 10 larvae significantly reduced plaint height more than 
Pu-SD at an equivalent level. Plant height of Pi-SD treatment 
was not significemtly different from that of the check, and also 
was greater than that of Pu-LCM at equivalent levels. In 1977, 
Pu-LCM at 3 and 5 larvae caused a significant reduction in plant 
height. Plant heights of both Pu-SD and Pi-SD were not signifi­
cantly different from the check, and were significaintly greater 
than that of Pu-LCM at the equiveilent level. In 1978, Pu-LCM at 
3, 5, and 7 larvae, and Pi-LCM at 7 larvae significantly reduced 
plant height. Pu-SD had a plant height significantly greater than 
Pu-LCM at an equivalent level. Plant heights were measured at 
plant maturity in 1977 and 1978 (not presented in the table), and 
no significant differences were observed. 
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GCW simulations (Table 10) 
Significant bean weight reductions from the check were ob­
served with 32.5 and 65.1 larvae (Pu-LCM) in 1976, and 26.0 larvae 
(Pu-LCM) in 1977. No significant reductions occurred with any 
Pu-LCM treatments in 1978. There were no significant reductions 
in bean weight with Pu-SD treatments in any year, even though 
Pu-LCM at equivalent levels did in 1976 and 1977. The Pi-SD 
treatment at 65.1 larvae in 1976 significantly reduced bean weight 
and produced bean weights significantly less than those of Pu-LCM 
and Pu-SD at an equivalent level. However, Pi-SD in 1977, did 
not reduce bean weight, amd had a weight significantly greater thain 
that of Pu-LCM at an equivalent level. Although no significant 
reductions were observed from the check in 1978, Pi-LCM had a 
significantly greater yield than Pu-LCM at an equivalent level. 
The only reduction in numbers of pods or beams was with Pi-SD 
in 1976 at 65.1 larvae. As was true in the PL simulations, this 
treatment also caused the most severe reduction in plant yield. 
No other differences in these yield components were observed in 
other years. 
Stunting by GCW simulations was not as common as with PL 
simulations. There were no significant reductions in plant height 
from the check in 1976 and 1978, and in 1977, only Pu-LCM at 26.0 
larvae had a significantly smaller plant height than that of the 
check. 
Table 10. Yield parameters for green cloverworm simulation treat­
ments 
Defoliation trt. Bean wt (g)/plot No. pods/plot 
No o larvae/ 
0.3 m 
2 
Method 1976 1977 1978 1976 1977 1978 
Check — 203.6a 162.8a 206.7ab 660.8a 487.6a 618.8a 
6.5 Pu-LCM — 147.9a — 
-
403.0a -
10.8 Pu-LCM 168.Oab - 213.8ab 588.3a - 630.0a 
17.4 Pu-LCM 142.5a 239.2a 
-
417.4a 677.0a 
26.0 Pu-LCM 109.8b 202.8ab 
-
343.2a 614.2a 
32.5 Pu-LCM 130.0b - 187.2b 471.3a - 601.2a 
65.1 Pu-LCM 114.9b 436.5a - -
26.0 Pu-SD 135.8ab - 398.6a -
32.5 Pu-SD — — 201.Oab 
- -
605.2a 
65.1 Pu-SD 144.lab 520.0a - -
26.0 Pi-SD 143.3a 
-
391.6a 
-
32.5 Pi-SD — — 224.4ab - - 605,0a 
65.1 Pi-SD 36.7c 184.0b - -
32.5 Pi-LCM — — 231.6a 647.0a 
\fumbers in columns followed by different letters are sig­
nificantly different (P = 0.05) by Duncan's Multiple Range Test. 
^XM = by use of temperature dependent leaf-consumption 
model; SD = single day defoliations; Pu = punching; Pi = picking. 
3 
Measured at end of defoliation period. 
Measured at soybean maturity. 
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No. beans/plot Plant height (cm) 
3 4 3 
1976 1977 1978 1976 1977 1978 
1418.5a 931.6a 
852.4a 
1242.0a 
847.2a 
— 681.8a 
992.3a 
928.5a 
—' 802.da 
1090.8a 
821.8a 
332.5b 
1226.4a 61.2a 
1216.6a 56.2a 
1396,0a 
1216.4a 
1156.6a 51.5a 
52.5a 
1205.4a 
— 56.2a 
1262.6a 
"" 52.0a 
1388.0a 
62.0a 98„8ab 
59.0a 
95.8ab 
59.2a 93.6b 
48.0b 99.8ab 
95.4ab 
61.2a — 
— 98.8ab 
62.4a "" 
— 100.8a 
102.2a 
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DISCUSSION 
Differential effects of defoliation methods 
Differences in yield reductions were evident with the defolia­
tion methods used. In years with yield reductions, Pu-LCM treat­
ments, overall, produced greater yield reductions than did Pu-SD 
and Pi-SD treatments, with one exception (in 1976, GCW Pi-SD at 
65.1 larvae/30 cm). This isolated case may be explained by other 
plant stresses, viz., phytophthora root rot and brown stem rot, 
that were present in certain locations of the field. Pu-LCM treat­
ments also caused more stunting of the plant than other treatments. 
These differential effects between methods correlate with reports 
of similar differential effects by defoliation methods on soybean 
net photosynthesis (Poston et al. 1977) and water loss (Hammond 
and Pedigo 1979). In these studies, punching holes more often 
simulated natural (insect) defoliation than did picking leaves. 
The effect of defoliation methods in this study on yield agrees 
with that of Davidson (1973), who, working with cotton, found that 
punching leaves caused a greater reduction in yield than simply 
removing an equivalent amount of leaf area by picking leaves. 
Because of such differential effects, we believe that punching 
leaves through time more accurately simulates insect feeding, amd 
is a logical choice for establishing yield-loss relationships. 
Therefore, findings from studies in which leaves were picked on 
single days to simulate insect feeding (Turnipseed 1972, Todd and 
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Morgan 1972, eind Thomas ^  1974), should be reexamined with 
fidelity to actual insect damage being a prime consideration» 
Insect-yield relationships and economic-injury levels 
Because yield reductions did not occur in 1978, conditions 
which were present that yeair must be defined before development of 
accurate yield-loss relationships. Estimates of percentages of 
defoliation attained by the simulated insect populations, and toteJ. 
leaf areas of the check plots (on which percentage defoliations 
were based) are presented in Table 11. 
Total leaf areas per plot were much larger in 1978, and because 
leaf consumption per insect remained constemt, percentages of de­
foliations attained in that year were much lower than 1976 and 
1977. These smaller percentages in 1978 resulted in larger amounts 
of leaf tissue remaining after defoliation, which offset the ef­
fects of tissue removal, and therefore, prevented yield loss. The 
importance of leaf-area remaining after defoliation seen in this 
study agrees with similar findings of Fehr et (1977). 
The differences in leaf areas between years primarily were 
the result of precipitation differences. To compare moisture con­
ditions for each year, monthly precipitation deviations from nor­
mal, Palmer indices (PI), and crop moisture indices (CMI) are 
presented in Table 12. The PI evaluates the scope, severity, and 
frequency of prolonged periods of abnormally wet or dry weather, 
and best evaluates the overall soil moisture conditions. PI 
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Table 11. Defoliation percentages based on leaf-consumption of 
total leaf area per 0.3 ra at end of defoliation 
Year 
No. larvae/30 cm 
1976 1977 1978 
PL 
1 a 8.3 3.3 
2 38.3 - -
3 - 24.9 9.8 
5 96.0 41.5 16.8 
7 
- -
23.0 
10 100.0 
-
-
(1217.30)^ (2807.46) 
GCW 
(7081.20) 
6.5 
-
5.4 -
10.8 12.7 - 2.3 
17.4 - 14.3 4.2 
26.0 - 21.4 6.2 
32.5 38.3 - 7.8 
65.1 76.8 
-
-
(4513.11) (6457.50) (22,230.90) 
^Indicates that the level was not simulated that year. 
^Figures in parentheses are total leaf areas (cm^) per check 
plot at end of defoliation period. 
Table 12. Precipitation deviations, Palmer index (PI)^, aoid mean 
crop moisture index (CMI)^ during the 3 year study in 
central Iowa 
1976 
Month 
Precip. 
deviation PI 
X 
ayii 
January 
CO 00 0
 1 - -
February + 1.65 - -
March + 1.83 +2 to 0 -
April + 2.50 +2 to 0 +2.0 
May + 1.52 +2 to 0 + 1.0 
June -0.03 +2 to 0 0.0 
July -2.33 0 to -2 -1.5 
August -3.38 —2 to -3 -1.5 
September -2.94 -2 to -3 — 2.0 
October -1.28 -1 to "" 2 -1.0 
November -1.13 - -
December -0.73 - -
Calmer index reported at end of month (from March to October). 
Index: +3 to +4 = severe surplus, +2 to +3 = moderate surplus, +2 
to -2 = near normal moisture conditions, -2 to -3 = moderate drought, 
-3 to -4 = severe drought, -4 amd below = extreme drought (vailues in­
dicate departures from normal climate). Obtained from U.S. Dept. of 
Commerce (1976, 1977, and 1978). 
^Crop moisture index reported for each week, with mean value 
presented (from April to October). Index; +2 = approaching con­
ditions where some fields are too wet, +1 = favorable moisture con­
ditions, 0 = normal conditions, -1 = topsoil moisture short, rain 
needed, -2 = abnormally dry conditions, prospects deteriorating. 
Obtained from U.S. Dept. of Commerce (1976, 1977, and 1978). 
^80% of July's, 1977, rainfall occurred during the last 3 
days of the month. 
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1977 1978 
Precip. X Precip. X 
deviation CMI deviation CMI 
—0.03 — — —0 # 79 "• — 
—0 e 49 — — —0 m 39 — — 
+1 # 53 "*3 to —4 — " 1 • 56 +2 to +1 — 
-1.25 -3 to -4 -0.5 +2.01 +2 to +3 +1.5 
— 2.25 —4 to —5 —loO —1.52 +2 to +3 +1.5 
-4.53 -4 to -5 -2.0 -0.33 +1 to +2 0.0 
+0.61 —4 to —5 +1.0 +3.40 +2 to +3 +1.0 
+7.79 -2 to +2 +1.5 +0.31 +1 to +2 0.0 
+ 1,82 +2 to +3 +1.5 +2.29 +2 to +3 +2.0 
+ 3.39 +3 to +4 +1.5 -1.43 +2 to +3 0.0 
•"0o57 — — — — 
+0.99 — — — — — 
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reflects the effects of weather over weeks and months. The CMI 
reflects only current moisture requirements and the availability 
of moisture to meet current demands. CMI is more responsive to 
recent rainfall or its absence. For both indices, positive values 
reflect relatively adequate moisture conditions and negative values 
inadequate conditions. A moderate drought (PI = -2 to -3) begem 
August, 1976, and less them normal precipitation during the fol­
lowing 10 months led to a very extreme drought (PI = -4 to -5) in 
June and July 1977 (U.S. Dept. of Commerce 1976, 1977, and 1978). 
Because of abundant precipitation that began in August, 1977, the 
summer of 1978 had a moderately abundant supply of moisture (PI = 
+2 to +3). Monthly precipitation during 1978 was always adequate 
to insure favorable moisture conditions. 
The extremely dry conditions in 1976 and 1977 produced very 
small leaf areas, and resulted in much greater yield reductions, 
as contrasted to the abundant moisture conditions in 1978, and 
no significant yield reductions. This difference in insect-
related yield reductions with different moisture conditions agrees 
with the conclusions of Kincade et (1971) and Smith and Bass 
(1972). These authors found that adequate moisture was a pre­
requisite to recovery of soybeans from insect damage. Based on 
previous and present findings, we believe that yield-loss rela­
tionships should be qualified by the moisture conditions prevalent 
when such relationships are established. Thus, uses of information 
from studies where plants were irrigated (e.g., Thomas et aJ. 1974) 
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should be limited to growing seasons where adequate moisture 
(amounts and distribution) occurs, or to areas where soybeains are 
grown under irrigation. 
Therefore, relationships of moisture and insect damage play 
a particularly important role in determining economic-injury levels 
(EIL) and strategies of using these levels. Because no yield re­
ductions were observed in a wet yeaz (1978), no EILs were developed 
for a wet situation. However, based on our findings, producers 
could withstemd levels at least to 7 PL larvae and 33 GCW larvae/ 
0.3 m without sustaining yield losses. These levels are high com­
pared to populations normally observed in fields in central Iowa. 
Yield reductions did occur in the dry years (1976-1977), and 
yield-loss relationships can be established for these. However, 
because of the extremely dry conditions, use of these relationships 
should be restricted to only the driest of conditions. Beans 
weights (from Pu-LCM treatment) were analyzed by orthogonal com­
parisons, which indicated a significant (P = 0.05) linear relation­
ship between yield and insect numbers. Regression models then were 
developed for each species by regressing yield per plot on number 
of insects per plot. Regression coefficients from the models were 
-3o79 for PL and -0.46 for GCW. These values represent gm of 
soybeain yield-loss per insect. EILs then were calculated using 
slightly modified procedures of Stone and Pedigo (1972): 
1. Gain threshhold 
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bil = 
Based on a recent management cost in central Iowa of $16.68/^a 
and a soybean market value of $0„24/kg (gain threshhold = 69,5 kg/ha), 
EILs were established at 1.5 PL larvae/m at plant-growth stage V3, 
and 12 GCW larvae/m at growth-stage R2. EILs at other growth stages 
would vary in relation to previous studies such as Stone aaid Pedigo 
(1972). 
PL and GCW EILs obtained for dry conditions are very low, and 
their use must be limited to conditions under which the basic 
yield-loss relationships were established. With more normal mois­
ture conditions, these EILs would be much too low, and unnecessary 
insecticidal applications would result from their use. The EILs 
that should be used during normal moisture conditions would be at 
a level higher than those under dry conditions. However, the data 
needed to accurately determine these levels are unavailable, and 
we suggest that the previous recommended treatment levels (DeWitt 
et al. 1978) for central Iowa remain intact. Further studies should 
be conducted to define yield-loss relationships under a more normal 
moisture situation. 
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APPENDIX: COMPARISON OF SIMULATION STUDIES 
Table 13. Percentage yield reductions for selected simulation 
studies at various growth stages and defoliation levels 
Study Damage Soybean 
simulated variety Vegetative 
25 33 50 66 100 
Dungan (1939) H 
Dung em (1942) H 
Kalton et alo 
(1949) H 
Camery and Weber 
(1953) H 
Weber (1955) H 
Begum and Eden 
(1965) I 
Turnipseed (1972) 
Todd and Morgain 
(1972) I 
Thomas ^  (1974) I 
Teigen and Vorst 
(1975) H 
Poston and Pedigo 
(1976) I 
Fehr et (1977) H 
mini (Ind) 
mini (Ind) 
Richland 
(Ind) 
Richland 
(Ind) 
Richlaind 
(Ind) 
45 
2 
2 
0 
- 100 
26 
19 
19 
Lee (Det) - - - -
Jackson (Det) - - - -
Jackson, Hamp­
ton & Bragg 
(Det) 
Bragg (Det) - 8 - 14 36 
Clark (Ind) - - - -
Beeson 
(Ind) 2 - 4 -
Steel (Ind) 
Year 1 39 
Year 2 
Hairk, Beeson 
(Ind) 
Hill, Lee (Det) -
13 
9 
31 
14 
^Studies in which damage was described as light, medium, or 
heavy, or plant growth-stages were not identified have not been 
included. 
^H = hail simulated, I = insect simulated. 
^Ind = indeterminate soybeans, Det = determinate soybeans. 
^2 = full bloom, R4 = pod set, R5 = early pod fill (Fehr 
et al. 1971). 
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Soybean growth stages^ and defoliation levels (% 
R2 R4 R5 
25 33 50 66 100 25 33 50 66 100 25 33 50 66 100 
— " — 35 " " 22 •" " 
—  —  4 5  ~ 6 5  —  —  —  —  "  —  4 0  "  8 6  
4 — 9 — 37 13 "" 18 — 83 — — — — — 
•• •• 7 •" 35 •" •" 18 "" 81 — — — " " 
— 3 — 0 20 — — — — — — 13 — 14 88 
— 0 — 21 57 — — — — — — 18 — 20 74 
— 3 — 11 — — 6 — 28 •" "" 8 " 15 — 
— 17 - 18 43 - 19 - 35 74 - 23 - 53 91 
— — 7 " 25 84 •" 14 — 25 75 
17 24 39 -
96 - - - - - - - - -- - -
— — — — 18 — — — — 53 — — — — 78 
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